Limb apraxia (LA), is a neuropsychological syndrome characterized by difficulty in performing gestures and may therefore be an ideal model for investigating whether action execution deficits are causatively linked to deficits in action understanding. We tested 33 left brain-damaged patients and 8 right brain-damaged patients for the presence of the LA. Importantly, we also tested all the patients in an ad hoc developed gesture recognition task wherein an actor performs, either correctly or incorrectly, transitive (using objects) or intransitive (without objects) meaningful conventional limb gestures. Patients were instructed to judge whether the observed gesture was correct or incorrect. Lesion analysis enabled us to evaluate the relationship between specific brain regions and behavioral performance in gesture execution and gesture comprehension. We found that LA was present in 21 left brain-damaged patients and it was linked to frontal and parietal lesions. Moreover, we found that recognition of correct execution of familiar gestures performed by others was more impaired in patients with LA than in nonapraxic patients. Crucially, the gesture comprehension deficit correlated with damage to the opercular and triangularis portions of the inferior frontal gyrus, two regions that are involved in complex aspects of action-related processing. In contrast, no such relationship was observed with lesions centered on the inferior parietal cortex. The present findings suggest that lesions to left frontal regions that are involved in planning and performing actions are causatively associated with deficits in the recognition of the correct execution of meaningful gestures.
Introduction
Limb apraxia (LA) comprises various higher-order motor disorders characterized by the inability or difficulty in performing a particular class of skilled, purposeful limb movements known as gestures. LA is more commonly associated with left frontal and parietal brain damage than with right brain damage (Haaland et al., 2000; Hanna-Pladdy et al., 2001; McClain and Foundas, 2004) and is not explained by elemental motor or sensory systems or by defects in language comprehension, and it typically affects both the ipsilesional and the contralesional limbs. Conceptual and production components of gestural organization may be differentially affected and may lead to ideational and ideomotor apraxia. Although ideational apraxia is linked to defective action and object-use knowledge, ideomotor apraxia is characterized by spatiotemporal errors in gesture pantomime and imitation (Leiguarda and Marsden, 2000) . Apraxic deficits are detected by testing the patients' ability to imitate or recognize gestures or to pantomime familiar, object-related gestures in response to command or to the sight of objects (Haaland et al., 2000; Daprati and Sirigu, 2006) . Patients with apraxia may be impaired in executing both gestures that involve the use of objects (transitive), such as hammering a nail, and gestures not involving object use (intransitive), such as the hitchhiking sign (Cubelli et al., 2000) . Although the impairment of meaningful (e.g., waving goodbye) and meaningless (e.g., moving a hand) gestures may be doubly dissociated (Goldenberg and Hagmann, 1997; Bartolo et al., 2001) , apraxic patients often exhibit deficits in both types of gestures (Toraldo et al., 2001; Leiguarda, 2005) , at least when presented in an intermingled list (Tessari et al., 2007) .
The discovery in the monkey frontal and parietal cortices (Gallese et al., 1996; Fogassi et al., 2005) of complex double-duty neurons that are activated during both action execution and observation (mirror neurons), hints at very tight links between the perceptual and the motor components of an action. In the 1980s, a few pioneering studies in patients with LA reported an association between the inability to perform gestures and understand their meaning, and left parietal lesions (Heilman et al., 1982; Rothi et al., 1985; Watson et al., 1986) . However, given the limited power of lesion analysis techniques at that time, no clear lesion mapping was provided. Two recent studies on this issue yielded controversial results. Halsband et al. (2001) reported that patients with left parietal and frontal lesions were impaired in gesture execution but not in gesture comprehension. In contrast, Buxbaum et al. (2005) tested left brain-damaged patients and reported a strong relationship between imitation and recognition of transitive gestures and the association of gesture recognition deficits with lesions in parietal areas, but not in the frontal areas.
In the present study, we devised a novel gesture discrimination test to determine whether the inability to recognize gestures is an essential feature of LA. Furthermore, we used advanced lesion-mapping procedures to assess whether lesions in specific regions of the frontoparietal network that underlies action production are causatively associated with action comprehension deficits.
Materials and Methods
Forty-one patients suffering from ischemic or hemorrhagic stroke were recruited from the Istituto di Ricovero e Cura a Carattere Scientifico Fondazione Santa Lucia (Rome, Italy) and from the Centro di Rieducazione Funzionale, Policlinico Borgo-Roma (Verona, Italy). Thirty-three patients presented with left brain damage (LBD), and eight patients had right brain damage (RBD). All participants provided written informed consent, and the procedures were approved by the local ethics committee and were in accordance with the ethical standards of the 1964 Declaration of Helsinki. All patients were right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971) .
Neuropsychological assessment. The presence of apraxia was ascertained by two gesture production tests that aimed at testing ideomotor (IMA) (De Renzi et al., 1980) and ideational (IA) (De Renzi and Lucchelli, 1988) apraxia. In the first test, patients were required to use their ipsilesional hands, to imitate 24 finger and hand intransitive configurations (12 meaningless and 12 meaningful) as shown to them by an examiner. In each trial, patients were allowed up to three attempts to imitate the movement correctly. Each attempt was scored 3, 2, or 1 when it was correct on the first, second, or third attempt, respectively. A score of 0 was assigned when the imitation was incorrect in all attempts. Patients with a total score of Ͻ53 were assigned to the LA group. In the second test, patients were requested to perform seven complex actions that required the use of real objects (hammer; toothbrush; scissors; pistol; pencil eraser; padlock and key; and candlestick holder, candle, and a matchbox). For each action, a correct performance was scored 2, an inaccurate performance in which the action was recognizable but not entirely correct was scored 1, and an incorrect performance was scored 0. Total scores Ͻ14 indicated apraxia. All tests were administered by an expert clinical neuropsychologist who was blinded to the study aims.
Twenty-one LBD patients failed at least one of the two above-described tests and were assigned to the LA (LAϩ (LBD) ) group, whereas the remaining patients were assigned to the control (LAϪ) group (LAϪ (LBD) , 12 patients; LAϪ (RBD) , 8 patients). The three groups were matched in age (mean Ϯ SD, LAϩ (LBD) , 63.7 Ϯ 13 years; LAϪ (LBD) , 63.8 Ϯ 11.4 years; LAϪ (RBD) , 64.2 Ϯ 13.3 years) and education (mean Ϯ SD, LAϩ (LBD) , 9.5 Ϯ 4.8 years; LAϪ (LBD) , 9.3 Ϯ 4.9 years; LAϪ (RBD) , 9.7 Ϯ 3.5 years). The interval between the onset of stroke and the time of testing did not differ between the three groups (LAϩ (LBD) , 57 Ϯ 29 d; LAϪ (LBD) , 59 Ϯ 28 d; and LAϪ (RBD) , 52 Ϯ 23 d). Moreover, the performance in the Raven 47 colored progressive matrices (PM47) (Raven et al., 1988) , a nonverbal general intelligence test, did not differ significantly in the three groups (mean Ϯ SD, LAϩ (LBD) , 21.14 Ϯ 4.8; LAϪ (LBD) , 25.25 Ϯ 7.3; LAϪ (RBD) , 23.50 Ϯ 5.5).
Noncontextual language comprehension was assessed using the 50-item version of the Token test from the Italian version of the Aachener Aphasie Test (Luzzatti et al., 1996) . A one-way ANOVA indicated a significant main effect for group (F (2,38) ϭ 25.60; p Ͻ 0.01). Post hoc analysis indicated that LAϩ (LBD) (mean Ϯ SD, 40.6 Ϯ 12.7) patients were more impaired than LAϪ (LBD) (mean Ϯ SD, 56.25 Ϯ 10.84) patients, who in turn were less accurate than LAϪ (RBD) (mean Ϯ SD, 71.87 Ϯ 1.81) patients (all values of p Ͻ 0.001). None of the patients presented with visual discrimination deficits (see below) or with signs of unilateral spatial neglect [assessed according to Pizzamiglio et al. (1989) ].
Recognition of gestures performed by a model. The ability to recognize gestures performed by a model as correct or incorrect was assessed by an ad hoc devised test. Patients were shown 60 video clips in which an actor performed transitive (n ϭ 30) or intransitive (n ϭ 30), meaningful conventional limb gestures either correctly or incorrectly. No sound cues regarding correct or incorrect gesture demonstrations were provided by the video clip or by the examiner at any time. Ten transitive gestures demonstrating the actual use of the objects (e.g., playing guitar) and 10 intransitive gestures demonstrating meaningful conventional sign (e.g., the hitchhiking) were correctly performed. Incorrect gestures were produced by modifying the correct gestures. Video clips of incorrect transitive gestures were created by changing the object in a given correct gesture (e.g., playing guitar) with an object that was inappropriate for the particular action. The inappropriate object could be semantically related (e.g., flute) or unrelated (e.g., broom) to the correct object (e.g., guitar). Video clips of incorrect intransitive gestures were created by asking the actor to perform a given gesture (e.g., hitchhiking) either by changing the hand or finger configuration crucial for correctly identifying the gesture (e.g., hitchhiking performed by extending the little finger instead of the thumb) or by changing the spatial position of the involved body part (e.g., hitchhiking performed with hand above the head). For each cate- gory, 10 incorrect gestures were presented. Additional examples of correct and incorrect gestures are shown in Figure 1 .
Procedure. The patients were seated at a distance of ϳ50 cm from a 17 inch computer monitor and were requested to observe 5 s video clips showing meaningful gestures that could be performed correctly or incorrectly. Subjects were asked to simply judge whether the presented gesture was performed in a correct or incorrect way by responding "yes/no" or "wrong/correct." Complex verbal responses or pantomimes of the observed gesture were not allowed. After each clip, patients provided their response within a 5 s interval. Two types of responses were scored as correct and were assigned 1 point, namely, "yes/correct" responses to gestures performed correctly (hits) and "no/wrong" responses to gestures performed incorrectly (correct rejections). Two types of responses were scored as incorrect and were assigned 0 points, namely, "no/wrong" responses to gestures performed correctly (misses) and "yes/correct" responses to gestures performed incorrectly (false alarms). This procedure enabled us to delineate the contribution of sensitivity and response criterion in determining failures in the test (Green and Swets, 1966) .
Each patient was subjected to six practice trials with gestures different from those used during the experimental phase. The patients were provided with feedback on their performance during the practice trials and not in the experimental phase. The order of the correct/incorrect and transitive/intransitive gestures was randomized. In this test, the performance of a group of 20 healthy participants (11 men), matched in age (mean Ϯ SD, 60.9 Ϯ 9.4 years; range, 45-79 years) and education (8.4 Ϯ 2.4 years; range, 5-18 years) with the brain-damaged group, was errorless.
The patients also performed an object identification task, wherein the experimental stimuli, selected from the set of Snodgrass and Vanderwart (1980) , depicted common objects (tools, vehicles, musical instruments, household items, and clothing/accessories). In a set of eight object pictures, the patients were asked to indicate the one named by the examiner. This test was performed to rule out the possibility that any impairment in recognizing the correctness of the transitive gestures was attributable to object recognition deficits.
Lesion mapping. The analysis of lesioned regions was based on magnetic resonance imaging (MRI) or computerized tomography scans. T1-weighted and T2-weighted MRI data sets were acquired for 35 of the patients. MRI was performed using a 1.5 T system (Vision; Siemens Medical Systems, Erlangen, Germany). The imaging protocol included the following sequences: (1) conventional T1-weighted turbo spin-echo images [repetition time (TR)/echo time (TE)/excitations/flip angle, 650/ 14/2/70; matrix, 256 ϫ 256; in-plane resolution, 0.9 ϫ 0.9 mm] and (2) double-echo turbo spin-echo proton density and T2-weighted images (TR/TE1/TE2/excitations, 3800/22/90/1; matrix, 256 ϫ 256; in-plane resolution, 0.9 ϫ 0.9 mm). Computerized tomography scans were used for the remaining six patients (three LAϪ (LBD) and three LAϪ (RBD) ). LA was present only in LBD patients; therefore, the lesion mapping analysis focused on these patients. Using the MRIcro software available at http:// www.sph.sc.edu/comd/rorden/mricro.html (Rorden and Brett, 2000) , the lesions were mapped by one experimenter who ignored the test results and the clinical features of the patients. The lesions were drawn manually on slices of a T1-weighted template MRI scan from the Montreal Neurological Institute (MNI) (http://www.bic.mni.mcgill.ca/cgi/ icbm_view). This template is oriented to approximately match Talairach space (Talairach and Tournoux, 1988) and is distributed with MRIcro. The template scan provides various anatomical landmarks for precisely plotting the size and localization of the lesions. The area of brain lesion of each LBD patient was superimposed onto the T1 template to calculate the total brain lesion volume (in cubic centimeters) using MRIcro. The lesion volume was comparable among the three groups (mean Ϯ SD, LAϩ (LBD) Rorden and Karnath (2004) ] and region-based statistical analysis. Lesion subtraction plots directly compared patients showing the disorder of interest (a lesion overlay with positive values) to a control group (a lesion overlay with negative values). The relative incidence of damage to regions unrelated to the disorder of interest should be equally represented in both patient groups, and therefore should not be highlighted in the subtraction plots. Lesion subtractions were based on proportional values derived from the difference in the number of patients in each group. A region-based statistical analysis was performed on the data using an automated anatomical labeling (AAL) procedure. This procedure was based on the macroscopic anatomical parcellation of the MNI single-subject brain (Tzourio-Mazoyer et al., 2002) . The percentage of each damaged brain region with respect to each AAL was computed in each patient.
The statistical significance of the occurrence of a brain lesion was determined using three tests: (1) a 2 test (with Yates' correction) that allowed us to assess whether, for each group, the number of patients who present a lesion in a given AAL is significantly different. This test was performed when at least 30% of the sample size presented a lesion in a given AAL region; (2) a Mann-Whitney voxel-count U test that allowed us to assess whether, for each group, the percentage of lesioned tissue in each AAL is significantly different; (3) a voxel-by-voxel test ( 2 test with Yates' correction) that considered only cortical voxels belonging to the regions that passed one of the previous two tests.
The association of lesional sites with continue behavioral performance in the gesture recognition tasks was assessed by using a specific tool that is freely available online at http://www.sph.sc.edu/comd/rorden/ mricro.html and does not require any patients classification into specific groups . Scores in transitive gesture recognition (TGR) and intransitive gesture recognition (IGR) tests and lesion reconstructions in the group of 33 LBD patients were entered in a nonparametric permuted Brunner-Munzel rank-order statistic analysis for each voxel of the brain. The ␣ level was set at p Ͻ 0.05. The levels of significance were corrected for multiple comparisons by using the false discovery rate (FDR) threshold (Nichols and Hayasaka, 2003) .
Results
Twenty-one LBD patients were assigned to the LAϩ (LBD) group, based on performance in the IMA (mean, 38.95) and IA (mean, 11.47) production tests. The remaining 20 patients were assigned to the LAϪ group (12 LAϪ (LBD) : IMA, 65.83; IA, 14; 8 LAϪ (RBD) : IMA, 68.12; IA, 14).
Maps of overlapping lesions of LAϩ (LBD) and LAϪ (LBD) were constructed to explore the neural underpinnings of LA by highlighting the structures that were specifically affected in one or the other of the two groups or that were damaged in both groups. Although there was a large region of lesion overlap between the two groups, subtraction of the superimposed lesions in LAϩ (LBD) and LAϪ (LBD) indicated that LA was associated with frontal and parietal lesions (Fig. 2) . The across-groups differences were analyzed by means of Mann-Whitney tests performed on the following: (1) inferior parietal cortex (IPC), which comprises three anatomical structures of the inferior parietal cortex: supramarginal gyrus, angular gyrus, and a third region located above the supramarginal gyrus and between the supramarginal and angular gyri (Tzourio-Mazoyer et al., 2002) ; and (2) the inferior frontal gyrus (IFG), which consists of three macroscopic anatomical structures: pars opercularis, triangularis, and orbitalis (Amunts et al., 1999) . The results show a significant difference for both IFG ( p ϭ 0.047) and IPC ( p ϭ 0.035). tasks
Analysis of correct responses
The accuracy with which the three groups judged whether the model correctly performed the different gestures were compared by a mixed-model ANOVA, with group (LAϩ (LBD) , LAϪ (LBD) , LAϪ (RBD) ) as between-subjects factor and task as within-subjects factor [two levels: recognition of correct execution of transitive (TGR) and intransitive (IGR) gestures performed by others]. The significant main effect of group (F (2,38) ϭ 18.48; p Ͻ 0.0001) is explained by the higher impairment of apraxic patients compared with nonapraxic patients (correct responses, LAϩ (LBD) , 20.45; LAϪ (LBD) , 27.12; LAϪ (RBD) , 26.69). The significant main effect of task (F (1,38) ϭ 7.29; p Ͻ 0.01) is attributable to the higher accuracy observed in the TGR (24.51) than in the IGR (22.7). This effect may be attributable to the fact that objects may provide unequivocal cues as to which action should be performed. In contrast, correct recognition of non-object-related gestures may require a first step of analysis in which subjects have to infer which gesture is intended, and a second step in which subjects have to judge whether the actor's intention is correctly executed. This additional need for inferential reasoning may in principle contribute to any deficits that may be specifically found in apraxic patients. However, the group by task interaction was not signifi- (LBD) ) and of the 12 patients without limb apraxia (LAϪ (LBD) ). Legend, The number of overlapping lesions is illustrated by different colors that code for increasing frequencies from violet (lesion in one patient) to red (lesion in all the patients of the respective group). B, Subtraction image of lesions in patients without limb apraxia from those with limb apraxia [(LAϩ (LBD) ) Ϫ (LAϪ (LBD) )]. Left, Axial views are in the left part. Right, Coronal views and sagittal renderings. Legend, Lesion subtractions show the highest difference in lesion density illustrated by different colors that code for increasing frequencies from dark red to yellow (positive values) and from dark blue to light blue (negative values). Each color represents a 20% increment. Positive and negative values indicate regions damaged more frequently in patients with or without limb apraxia, respectively. The images show that limb apraxia is associated with frontoparietal lesions. cant, indicating that apraxic patients were more impaired than the control patients in both object and non-object-related gestures. Moreover, when gesture execution (as assessed with IA and IMA tests) was correlated with gesture comprehension (TGR and IGR), significant positive correlations were observed for both the combined (mean combined IA and IMA score vs mean combined TGR and IGR score, r ( These results demonstrate a clear relationship between performing and understanding meaningful gestures.
Cluster analysis
To better characterize the gesture recognition deficit in the 21 apraxic patients (LAϩ (LBD) ), the raw data were subjected to a hierarchical cluster analysis in which the patients were sorted according to their performance in the TGR and IGR tasks. Cluster analysis identifies groups with minimal within-group variation and maximal between-group variation. According to this sorting process, 14 LAϩ (LBD) patients (nos. 1-12, 16, and 21) presented with a severe gesture recognition deficit (LAϩ (GRDϩ) group) and 7 LAϩ (LBD) patients (13-15 and 17-20) presented with no deficit (LAϩ (GRDϪ) group). The distribution of the different patients between the two groups is shown in Figure 3A .
Gesture comprehension deficits in the two LA؉ (LBD) subgroups
The performance of the two LAϩ (LBD) subgroups in the different gesture recognition tasks is shown in Figure 3B .
Analysis of the correct responses in the two LA؉ (LBD) subgroups
A mixed-model ANOVA was performed using subgroup (LAϩ (GRDϩ) and LAϩ (GRDϪ) ) as the between-subjects factor and task (two levels, TGR and IGR) as the within-subjects factor. The significant main effect of subgroup (F (1,19) ϭ 52.9; p Ͻ 0.0001) was attributable to the better performance of LAϩ (GRDϪ) patients (25.57) relative to LAϩ (GRDϩ) patients (17.89). The significant main effect of task (F (1,19) ϭ 8.79; p Ͻ 0.008) was attributable to better performance in the TGR (21.62) than in the IGR (19.28). However, the subgroup by task interaction was not significant (F (1, 19) ϭ 0.87; p ϭ 0.36).
Signal detection analysis in the two LA؉ (LBD) subgroups
Based on the signal detection method, we used the proportions of hits and false alarms of each patient in the TGR and IGR tasks to compute the target sensitivity (dЈ) and response bias (␤) indices. These values were analyzed using two separate mixed-model ANOVAs, one for each index, with subgroup (LAϩ (GRDϩ) , LAϩ (GRDϪ) ) as the between-subjects factor and gesture recognition task (IGR vs TGR) as the within-subjects factor. Analysis of dЈ revealed that the significant main effect of subgroup (F (1,19) ϭ 23.62; p Ͻ 0.0001) was attributable to the higher accuracy achieved by the LAϩ (GRDϪ) patients (2.0) compared with the LAϩ (GRDϩ) patients (0.52). The significant main effect of gesture recognition task (F (1,19) ϭ 13.66; p Ͻ 0.001) was attributable to the higher sensitivity in the TGR (1.48) than in the IGR (0.84) task. However, the subgroup by gesture recognition task interaction was not significant. In contrast, the ␤ values did not differ across subgroups or task. Therefore, the results reflect a genuine deficit in gesture discrimination rather than a specific criterion of response.
None of the patients committed errors in the task of pointing to objects named by the examiner, thus ruling out the possibility that the deficits in the LAϩ (GRDϩ) patients in the judgment of correctness of transitive gestures were attributable to deficits in object identification per se. No significant differences were detected between the LAϩ (GRDϩ) and LAϩ (GRDϪ) groups in the Raven (19.86 vs 23.7; t (19) ϭ Ϫ1.82, p ϭ 0.08) and in the Token (37.5 vs 46.7; t (19) ϭ Ϫ1.63, p ϭ 0.11) tests.
To further assess whether language comprehension influenced the gesture recognition task, we performed an analysis of covariance on the TGR and IGR data with scores in the token Figure 3 . A, Dendrogram indicating the greatest difference between the performance of patients with limb apraxia (LAϩ (LBD) ) in the two gesture recognition tasks. A complete-linkage hierarchical clustering algorithm was used. The x-axis shows Euclidean distances that provide a measure of LAϩ (LBD) patients' performance similarity in TGR and IGR. The performance in the two gesture recognition tasks is reported along the y-axis. Patients with the most similar performance are closer to each other. Two main clusters are apparent. Patients with (LAϩ (GRDϩ) ) or without (LAϩ (GRDϪ) ) gesture recognition deficits fall in the dark gray and light gray areas, respectively. B, Performance of limb apraxia patients in the gestural comprehension task. Mean correct responses of LAϩ (GRDϩ) (n ϭ 14) and LAϩ (GRDϪ) (n ϭ 7) subgroups for the transitive and intransitive items of the gesture comprehension test. Error bars represent SEM. *p Ͻ 0.05. comprehension test as a covariate and subgroup as a betweensubjects factor (LAϩ (GRDϩ) and LAϩ (GRDϪ) ). Subgroup differences in gesture recognition remained highly significant, even when controlling for the token test scores (F ϭ 42.37; p ϭ 0.0001). The subgroup by language comprehension interaction was not significant, indicating that language comprehension deficits did not differ between the two LAϩ subgroups. This rules out that the recognition of the correct execution of gestures performed by a model was primarily influenced by language comprehension.
Anatomical analysis
To determine whether any particular subregion within the common lesioned area was specific to the deficits observed in the gesture recognition task, we constructed lesion maps for LBD patients only.
Anatomical analysis in the two LA؉ (LBD) subgroups
A lesion density image was generated for the two subgroups of LAϩ patients with (Fig. 4 A, left part) or without gesture recognition deficit (Fig. 4 A, right part) . Lesion subtractions in apraxic patients with and without gesture recognition deficits (Fig. 4 B, axial, sagittal, and coronal views in the right and left parts) revealed that, whereas the dorsal premotor cortex (dPMc), the IFG, and adjacent insular cortex were more frequently damaged in LAϩ (GRDϩ) , the supramarginal gyrus, the inferior parietal lobe, and the underlying parietal white matter were more frequently damaged in LAϩ (GRDϪ) . The LAϩ (GRDϩ) and LAϩ (GRDϪ) subgroups did not differ in overall lesion volume (33.50 vs 40.72 cm 3 ; Mann-Whitney U ϭ 48.0; Z ϭ 0.07; p ϭ 0.94). We also examined in the two LAϩ (LBD) subgroups the possible influence of lesion size on gesture production or comprehension. No significant correlation between lesion volume and each of four gesture production or gesture comprehension tasks was Table 1 
. Statistical comparisons of the lesioned areas in LBD patients with apraxia and gestural comprehension deficits (LA؉ (GRD؉) ), with apraxia and no gestural comprehension deficits (LA؉ (GRD؊) ), and without gesture comprehension deficits independently from the presence of apraxia
Columns 2 (black), 3 (blue), and 6 (red) report the number of patients in each group with lesion in a specific AAL region (column 1). For each AAL, overall regional 2 analyses (with Yates' correction) were performed using these values and reported in columns 4 and 7. The analysis on the number of damaged voxels for each AAL was assessed by means of Mann-Whitney U tests (columns 5 and 8). Significant comparisons are shown highlighted in gray. The Bonferroni correction for multiple comparisons was applied by taking into account the number of AAL regions. Therefore, the statistical threshold for significance was set at p Ͻ 0.0031. The bottom panel shows Talairach coordinates of the lesioned voxels significantly associated with gesture recognition deficits: x ϭ Ϫ48, y ϭ 9, and z ϭ 14 for the pars opercularis, corresponding to Brodmann's area 44 in the left inferior frontal gyrus (IFGop); x ϭ Ϫ49, y ϭ 6, and z ϭ 12 for the premotor cortex, corresponding to Brodmann's area 6 in the dPMc.
found (Spearman, r s(21) ϭ 0.008, r s(21) ϭ 0.09, r s(21) ϭ Ϫ0.17, and r s(21) ϭ Ϫ0.16 for IA, IMA, TGR, and IGR, respectively). This indicates that the overall lesion volume per se does not predict execution or recognition deficits.
Anatomical analysis in the two LA؉ (GRD؉) and (LA؉ (GRD؊) and LA؊ (LBD) ) subgroups
We explored the neural substrates of gestural recognition per se by subtracting from the lesions of LAϩ (GRDϩ) patients, the lesions of patients without gesture comprehension deficit in whom limb apraxia might be either present or absent (LAϪ (LBD) plus LAϩ (GRDϪ) ) (Fig. 4C) . Maximal lesion density differences confirmed that gesture recognition deficits were associated with frontal and insular lesions.
The LAϩ (GRDϩ) and (LAϩ (GRDϪ) and LAϪ (LBD) ) subgroups did not differ in overall lesion volume (33.50 vs 36.62 cm 3 ; Mann-Whitney U ϭ 129.0; Z ϭ 0.14; p ϭ 0.88). To further assess whether language comprehension influenced the gesture (GRDϩ) ; n ϭ 14) or without gesture recognition deficit (LAϩ (GRDϪ) ; n ϭ 7). The legend is as for Figure 2 A. B, Axial views (left) and coronal views and sagittal renderings (right) of overlay plots resulting from the subtraction of the proportional values of patients with (LAϩ (GRDϩ) ) or without (LAϩ (GRDϪ) ) gesture recognition deficits. The legend is as for Figure 2 B. Positive and negative values indicate regions damaged more frequently in LA patients with and without gesture comprehension, respectively. C, Right, Proportional values subtraction of lesions of patients with no gestural recognition deficits (LAϩ (GRDϪ) plus LAϪ (LBD) ) from the lesion of patients with gesture recognition deficits LAϩ (GRDϩ) . Left, Brain rendering showing the x, y, and z planes at the different lesion cuts. recognition task, we performed an ANOVA between the LAϩ (GRDϩ) and LBD patients without gesture comprehension deficit (LAϩ (GRDϪ) and LAϪ (LBD) ). Patients LAϩ (GRDϩ) have poorer comprehension than LAϪ (LBD) patients. Hence, it is not surprising that a significant difference exists between groups (37.5 vs 52.7; t (31) ϭ Ϫ3.58; p ϭ 0.001). We performed an AN-COVA on the gesture recognition scores of the two groups [LAϩ (GRDϩ) and (LAϩ (GRDϪ) and LAϪ (LBD) )] with language comprehension scores as a covariate. There was no significant interaction (F (1,29) ϭ 0.50; p ϭ 0.48), indicating that gesture recognition deficit is not explained by the language comprehension deficit.
To test the influence of lesion size in specific cortical regions, we computed correlations (Pearson) between performance in the recognition and in execution of meaningful gestures in patients with damage to the inferior frontal gyrus or the inferior parietal cortex [according to the Tzourio-Mazoyer et al. (2002) subdivision] but not to both. The results of this analysis showed a significant correlation (R (11) ϭ 0.68; p Ͻ 0.019) in the group of patients with lesions in the inferior frontal gyrus but not in the group of patients with parietal lesions (R (6) ϭ 0.60; p ϭ 0.2). The two subgroups did not differ with regard to overall lesion volume (38.90 vs 37.56 cm 3 ; Mann-Whitney U ϭ 23.50; Z ϭ 0.95; p ϭ 0.34). Therefore, the results of these correlational analyses indicate that lesions to the inferior frontal gyrus affect the performance in both gesture recognition and execution independently from the presence of parietal damage.
To provide quantitative estimates of the differences observed in lesion subtractions and to determine the epicenter of the lesion related to gesture recognition deficits, we conducted a regional statistical analysis on the output of the AAL (Table 1) .
Lesions associated with gesture comprehension deficits primarily involved the frontal agranular cortex, including the posterior pars opercularis of the IFG (corresponding to Brodmann's area 44/45, Talairach coordinates of the epicenter: Ϫ48, 9, 14). In the gesture recognition task, the combined scores of TGR and IGR in apraxic patients with or without lesions to these voxels were 36.11 and 44.50, respectively (two-sample t test, t (19) ϭ 2.46; p Ͻ 0.02). Although belonging to a region that was not significant in the omnibus tests the dorsal premotor cortex (corresponding to Brodmann's area 6, Talairach coordinates of the epicenter: Ϫ49, 6, 12) was significantly correlated with gesture recognition deficits.
We performed a correlational analysis between language comprehension scores obtained in token test and the percentage of lesioned voxel in IFG. No significant correlation was found when considering the 21 apraxic patients (Spearman, r s(21) ϭ 0.29) or the 33 LBD patients (r s(33) ϭ 0.12).
Importantly, we performed Spearman rank correlations analyses to test the relationship between percentage of lesion voxels in the different lesioned AAL areas and the scores in the gesture recognition task. Significant negative correlations between the left IFG lesions and the TGR and IGR gestures (r s(21) ϭ Ϫ0.57, p Ͻ 0.005 for TGR; r s(21) ϭ Ϫ0.59, p Ͻ 0.0004 for IGR) are shown in Figure 5 .
We further analyzed this effect by capitalizing on the notion that the human IFG consists of three macroscopic anatomical structures: pars opercularis, triangularis, and orbitalis. Separate Spearman rank correlation analyses performed for both the pars opercularis (r s(21) ϭ Ϫ0.49, p Ͻ 0.02 for TGR; r s(21) ϭ Ϫ0.54, p Ͻ 0.01 for IGR) and the triangularis (r s(21) ϭ Ϫ0.69, p Ͻ 0.0004 for TGR; r s(21) ϭ Ϫ0.65, p Ͻ 0.001) revealed significant negative correlations. In contrast, there was no significant correlation with lesions in pars orbitalis or in any other areas. Thus, gesture comprehension deficits were associated with lesions of the IFG, pars opercularis and triangularis. Interestingly, these two regions appear to be involved in imitation (Iacoboni et al., 1999; Koski et al., 2002; Muhlau et al., 2005; Goldenberg and Karnath, 2006; Molnar-Szakacs et al., 2006) and execution of object-directed hand actions (Binkofski et al., 1999) as well as in observation of visually presented actions and linguistic phrases describing actions (Aziz-Zadeh et al., 2006) .
The two anatomical maps shown in Figure 6 , obtained by means of the nonparametric permuted Brunner-Munzel rankorder statistic analysis, indicate the lesioned voxels that significantly impact on the gesture comprehension tasks. It can be seen that a focus centered on the inferior frontal gyrus and Rolandic operculum (corresponding to Brodmann areas 44 and 45 and extending into area 6) seems to be causatively associated to gesture recognition deficits (Fig. 6 A) .
The causal relationship between damage to these regions and gesture recognition have predictive value even after overall lesion volume has been covaried out (Fig. 6 B) .
Discussion
We assessed the performance of brain-damaged patients with or without LA by using a novel ad hoc test that explored their ability to judge the correct execution of gestures performed by a model. We also explored the neural underpinnings of gestural comprehension by correlating deficits exhibited in the above test with the site and extent of the brain lesions. We found that (1) apraxic patients who, by definition, are impaired in performing actions, were also impaired in judging the execution of gestures performed by others; and (2) lesions centered on the left inferior frontal cortex were specifically associated with gesture recognition deficits.
Seeing and doing in apraxia
Behavioral evidence indicates that observing a particular action facilitates the execution of the same action and inhibits actions that are different from those observed (Brass et al., 2000 (Brass et al., , 2001 Craighero et al., 2002) . Moreover, neuroimaging and neurophysiological studies have shown that observing an action activates frontoparietal circuits (Iacoboni et al., 1999; Manthey et al., 2003; Johnson-Frey et al., 2005; Molnar-Szakacs et al., 2006) typically involved in the motor planning and execution of the same actions (Rizzolatti and Craighero, 2004) . Although additional nonspecifically motoric cortical regions (e.g., extrastriate body area) (Costantini et al., 2005; Hamilton et al., 2006) and subcortical regions (e.g., the cerebellum) (Calvo-Merino et al., 2006) may be activated during mere action observation, neuroimaging studies in healthy subjects have suggested that action imitation and pantomime production are associated with the frontal and parietal cortices (Muhlau et al., 2005; Fridman et al., 2006) . This motor mirroring process suggests that the observed actions are automatically mapped onto specific regions in the brain of the onlookers and may be fundamental for understanding what the observed agent is doing. Studies of brain-damaged patients with LA may help to clarify whether deficits in both imitative and nonimitative action execution parallel deficits in action recognition. Moreover, these studies offer a very good opportunity to identify neural regions that are causatively involved in both gesture execution and understanding. However, studies on this issue have provided controversial results (Heilman et al., 1982; Ferro et al., 1983; Rothi et al., 1985; Halsband et al., 2001; Buxbaum et al., 2005) . Our finding indicated that apraxic patients were more impaired than nonapraxic patients not only in action execution but also in judging the correct execution of the observed action. This specific relationship was further supported by the significant positive correlation between deficits in gesture production and deficit in gesture comprehension. The parallel impairment in gesture execution and recognition suggests that the motor skills of apraxic patients may directly influence their visual action recognition. This is consistent with the novel notion of the mutual influence of sensory and motor components on action processing. Indeed, it is known that mere action observation may strengthen the motor representation of the observed action (Stefan et al., 2005) , as well as mere motor experience of that particular action may improve its visual discrimination (Casile and Giese, 2006) . This bidirectional influence between action observation and execution suggested to us to include both types of tasks in rehabilitation programs for LA (Smania et al., 2000; . As posited by influential cognitive neuropsychological models of apraxia (Rothi et al., 1991; Cubelli et al., 2000) and demonstrated by clinical studies (Goldenberg and Hagmann, 1997; Cubelli et al., 2000; Bartolo et al., 2001; Rumiati et al., 2001; Tessari et al., 2007) , the range of possible dissociations between action execution and action understanding that can occur in apraxia is quite multifarious and cannot be explained by a mere action mirroring mechanism nor by a single lesion locus. Indeed, failures in imitating or in recognizing gestures may occur because of damage to a putative action semantics system or because of damage at any level in the process between perceiving (input lexicon) and performing (output lexicon) an action (Rothi et al., 1991; Cubelli et al., 2000) . However, higherorder computations (e.g., related to intention to act, to distinct memory traces for different types of action, or to the ecological Figure 6 . Voxel-based lesion-symptom mapping for intransitive and transitive gesture recognition performance. A, The maps show the z-statistics corresponding to the Brunner and Munzel rank-order statistic test comparing the behavioral performance in the group of 33 LBD patients on a voxel-by-voxel basis. The behavioral measures were the patients' accuracy in intransitive and transitive gesture recognition tasks. Comparisons were conducted across all the voxels that were lesioned in the entire brain volume. FDR-corrected ␣ level of p Ͻ 0.05 was used. Lesioned voxels associated with impairments in TGR, IGR, or in both tasks are shown in red, green, and yellow, respectively. B, Voxelwise logistic regression. This analysis was computed for all the voxels, with overall lesion volume as a covariate. All the voxels that exceed an uncorrected p Ͻ 0.05 are shown. The colors correspond to the Z-score, with yellow regions indicating regions that predict the presence of gesture recognition deficits. and cultural conditions in which an action is implemented) likely interact with low-level motor "resonance" mechanisms (e.g., the automatic selection of action primitives on which imitation and judgments regarding action appropriateness are based). Future studies addressing this outstanding link may help to understand the wide and complex range of human actions (meaningful vs meaningless, transitive vs intransitive, body-vs world-centered) in both normal and pathological conditions. A possible causative role for the left inferior frontal cortex in action understanding An important, still debated question concerns whether the mirroring process that likely allows action understanding, depends on purely motoric representations or whether it is related to visual inference and visual knowledge. Relevant to this issue is the fMRI study of ballet dancers demonstrating that neural activation in nonvisual regions is contingent on action observation, thereby indicating a purely motor influence on visual expertise (Calvo-Merino et al., 2006) . Importantly, studies based on the effect of temporary virtual lesions induced by repetitive transcranial magnetic stimulation demonstrated that the inferior frontal cortex is crucial for action understanding (Pobric and Hamilton, 2006) , pure visual discrimination of actions (Urgesi et al., 2007) , and imitation (Heiser et al., 2003) . Interestingly, a monkey fMRI study showed that the frontal lobe hosts multiple representations of others' actions and that only area F5a (Nelissen et al., 2005) , a region considered to be the monkey homolog of human BA 44 (Petrides and Pandya, 2002; Petrides et al., 2005) , represents the observed actions in an abstract, context-independent manner.
In keeping with recent anatomical studies (Haaland et al., 2000) , our results showed that the frontal and parietal lesions were comparable in apraxic patients, indicating the importance of both these areas in performing gestures. A novel result of the present study is that impairments in the recognition of both transitive and intransitive gestures performed by a model were greater in apraxic patients with frontal lesions. Although apraxic patients also presented with parietal damage, the gesture comprehension deficits were not associated with lesions to this area. This pattern of results may hint at a key causative role of the left frontal cortex in gesture understanding. Our findings of a comparatively minor influence of parietal lesions on gesture recognition may be surprising, because the cortical network activated during action observation and execution involves both frontal and parietal nodes ( Iacoboni et al., 1999 Iacoboni et al., , 2005 Manthey et al., 2003; Johnson-Frey et al., 2005; MolnarSzakacs et al., 2006) . Although the few previous studies that directly addressed this issue in brain-damaged patients have emphasized the predominant role of the parietal lobe (Heilman et al., 1982; Rothi et al., 1985; Buxbaum et al., 2005) , no definite conclusion could be drawn because most subjects appeared to have lesions involving both frontal and parietal lobes (Buxbaum et al., 2005) and/or radiological images were absent (Sirigu et al., 1995) . Moreover, a study involving a comparatively large sample of left or right brain-damaged patients with lesions centered in the parietal or the premotor cortices failed to show any relationship between action execution and comprehension (Halsband et al., 2001 ). The only research performed to date using advanced lesionreconstruction techniques, however, suggested that the parietal lobe may be crucial for recognizing pantomime gestures (Buxbaum et al., 2005) . Relevant to our finding is a recent lesion mapping study that showed that deficits in pantomime are specifically associated with lesions of the IFG, adjacent portions of the insula, and the precentral gyrus, but not with parietal lesions (Goldenberg et al., 2007) .
To our knowledge, our study is the first to demonstrate that frontal structures have a prominent role in the ability of apraxic patients to recognize gestures performed by others; this finding may stand in contrast to the previous findings that suggest a major role of the parietal structures in gesture understanding (Heilman et al., 1982; Rothi et al., 1985; Buxbaum et al., 2005) . This discrepancy may be explained by the following two lines of evidence that are discussed in the order of increasing relevance. First, whereas our gesture comprehension test required few or no verbal demands, almost all the gesture comprehension tests used in previous studies were inherently verbal. Therefore, our results may be in agreement with previous results showing that aphasic patients with lesions centered on the inferior frontal cortex presented with deficits in the nonlinguistic interpretation of actions, whereas aphasic patients with lesions centered in the temporal and parietal structures were impaired in comparable tasks with strong linguistic components (Saygin et al., 2004) . The second, and possibly the most important, line of evidence is that our gesture recognition task differed from those used previously because the errors of the model did not affect the purely executive components of the gestures. Apraxic patients with parietal lesions are more impaired in executing transitive than intransitive gestures (Sirigu et al., 1995; Dumont et al., 1999; Buxbaum et al., 2005) . Moreover, studies on both action execution and action observation indicate that the parietal lobe may be preferentially engaged when the kinematics and afferent components of the action are implemented or simulated (Sirigu et al., 1995; Sunderland and Sluman, 2000; Bosbach et al., 2005; Buxbaum et al., 2005; Costantini et al., 2005) . In all these studies, however, changes in the hand posture kinematics were higher in transitive than in intransitive gestures. In our gesture comprehension test, the kinematic-proprioceptive features and the general plan of action were maintained even in the incorrect gestures, for both transitive and intransitive gestures. For example, the same typical movement for cutting bread with a knife was also used when attempting to cut the bread with a spoon. In a similar vein, the kinematics of the hitchhiking sign was preserved even when performed in an erroneous spatial position. Thus, it is plausible that our task assessed the ability to judge whether the ultimate goals of transitive gestures are attained or whether the symbolic meaning of intransitive gestures is maintained. This difference may explain the comparatively minor involvement of the parietal lobe in our task. Thus, although our results do not rule out the importance of the parietal cortex in gesture comprehension, they indicate the complex nature of gesture understanding that, similar to action planning and execution, should be regarded as a multicomponential process. In this vein, it is overly simplistic to consider that a single lesional locus is responsible for all possible types of gesture recognition deficits.
